Objective: Estimates for the contribution of transmission arising from acute HIV infections (AHIs) to overall HIV incidence vary significantly. Furthermore, little is known about AHI-attributable transmission among people who inject drugs (PWID), including the extent to which interventions targeting chronic infections (e.g. HAART as prevention) are limited by AHI transmission. Thus, we estimated the proportion of transmission events attributable to AHI within the mature HIV epidemic among PWID in New York City (NYC).
Introduction
People who inject drugs (PWID) continue to be among the populations most heavily affected by HIV. Estimates suggest that 16 million people worldwide inject drugs [1] , comprising approximately 0.2% of the global population [2] . Despite this relatively modest portion of the world population, PWID account for about 10% of incident HIV infections annually [3] . Many settings with mature PWID epidemics [e.g. New York City (NYC), France,
and Vancouver] have provided examples of how to achieve stark reductions in HIV incidence [4] . One of the prominent features of these settings has been the expansion of HAART among PWID [4, 5] , utilizing the principle of treatment as prevention (TasP) to decrease HIV transmission [6] . Prevention strategies based on TasP have played a key role in reducing HIV incidence among PWID in settings that encourage HIV testing, linkage to HIV care, and harm reduction services [5, 7] .
There has been concern, however, regarding the ability of TasP interventions to address transmission events occurring early in HIV disease, due to the difficulty of early HIV diagnosis among many high-risk groups (e.g. MSM) [8] [9] [10] [11] . Early detection may be difficult due to the large portion of individuals who are asymptomatic, or present with symptoms consistent with other infections, such as mononucleosis or influenza [12, 13] . Finally, PWID in particular face many barriers to HIV testing, including distrust of medical professionals, hostility at health centers, fear of prosecution, stigma, lack of HIV testing in substance abuse treatment programs, and competing concerns such as homelessness and poverty [14] [15] [16] [17] .
Although estimates for the precise infectiousness of individuals experiencing acute HIV infection (AHI) have been notoriously difficult to produce -due in part to individual heterogeneity in viral load trajectories, HIV subtype, and immune response -evidence has consistently indicated an increased infectiousness when compared with chronic HIV infection [18] [19] [20] . One study examining heterosexual transmission in Malawi estimated that 38% of HIV transmission events were attributable to individuals within 5 months of infection, suggesting that strategies that focus on identifying and treating chronic infections (i.e. TasP) would be of limited effectiveness [9] . However, estimates of AHI-attributable transmission have ranged from just 2% to the majority and have focused almost exclusively on nondrug-using populations, in which sex is the predominant mode of transmission [9, 10, 12, 18, [21] [22] [23] . Due to different risk behaviors, network structure, and distinct barriers to treatment and testing [24] , these results may not be generalizable to PWID populations. For instance, studies have shown PWID networks to have high density [25] and rapid turnover of network members [26] , each characteristics that may increase the likelihood of AHI transmission.
Using an agent-based microsimulation model, we sought to estimate the contribution of AHI-attributable transmission among PWID in an urban, mature HIVepidemic setting, based on data from NYC. For the purposes of our analysis, we define a mature epidemic setting as a setting with ongoing, endemic HIV transmission within the PWID population, and with evidence of either stable or previously peaked HIV prevalence among PWID, many of which have been previously described [4] .
Methods

Setting
The agent-based model (ABM) used for this analysis generated a virtual population of agents representing the demographics, characteristics, and risk behavior of a large urban population experiencing a mature HIV epidemic over a 16-year period, as observed in NYC between 1996 and 2012. Previous studies have demonstrated the model's capability to reproduce fundamental characteristics of the HIV epidemic in NYC, including HIV incidence, prevalence, and AIDS-related mortality [27, 28] . Model parameters were based on data collected from observational studies among PWID in NYC and elsewhere and were subsequently calibrated to match HIV surveillance and observational estimates of the HIVepidemic in NYC from 1996 to 2012 (Model calibration in Supplemental material, http://links.lww.com/QAD/A966). Although the model initializes the dynamic network in 1992, the first 4 years of the model simulation (i.e. the burn-in period) are not included in the results, as this period was necessary to permit time for certain parameters (e.g. the proportion of the HIV-positive population experiencing acute infection) to reach a steady state, and to permit the calculation of annualized estimates that require at least 12 months of estimated output.
Model population/network
Agents within the model population represent individuals with given sets of demographic, behavioral, and clinical characteristics. These characteristics are stochastically assigned to each new agent during the simulation initiation or following the death of another agent (the population remains at a constant 100 000). The relative proportions of each key subpopulation were chosen to represent the entire population of a mixed epidemic in a major urban setting (Supplemental material, http:// links.lww.com/QAD/A966). We defined PWID as those who injected an illicit drug in the past month, estimating their initiation and cessation of drug injection using empirical data and previously published calibration procedures [27, 29] . We correspondingly categorized other agents based on their past-year usage or nonusage of other noninjection drugs (Supplemental material, http://links.lww.com/QAD/A966). At model initialization, 1.9% of agents are classified as PWID, approximately 43% of whom have HIV infection (approximating the highly endemic setting of NYC in 1992) [30, 31] . Also, agents are stratified by sex and also by sexual behavior [e.g. heterosexuals, MSM, and women who have sex with women (WSW)].
Relationships and risk behaviors within the agent network Agents are represented by nodes, and relationships with other agents are represented by links (i.e. edges) between nodes, forming dyads or clusters through which HIV transmission can occur (see below). These links may represent an exclusively sexual relationship, a syringe and needle-sharing relationship (for PWID), or both, at any given time-step. Each discrete time-step represents the state of the network for 1 month. At the transition point between each time-step, the number of links per agent is determined stochastically by a series of network degree distributions, which are unique for each agent subpopulation and parameterized using published sexual and injecting network data [32, 33] . Thus, relationships between agents are formed, retained, or broken during transitions between time-steps, representing an evolving population-based network.
Transmission of HIV within the agent population
All HIV negative agents who share a network connection (sexual or injection) with an HIV-positive agent have the potential to acquire HIV infection. The risk of transmission is stochastic; the probability of a transmission event is based on key characteristics the type of risk behavior (sexual or injection); the positive agent's HIV disease stage (acute, chronic, or AIDS); HAART treatment status of the positive agent; the prevalence of use of a prophylaxis modality (e.g. condom use); and if the risk behavior includes injection, the substance abuse treatment status of the infected agent and whether the agent has 'access' to NSP. Furthermore, HAART treatment status is stratified by level of adherence (HIV disease progression and treatment in Supplemental material, http://links.lww.com/QAD/A966) and risk from sexual transmission is stratified by agent characteristics (i.e. heterosexual, MSM, or WSW).
In the model, HAART enrollment is based on empirical data (Tables S2-S4 in Supplemental material, http:// links.lww.com/QAD/A966), subsequently PWID are less likely than the general HIV-positive population to initiate HAART; however, those enrolled in substance abuse treatment have an increased probability of treatment initiation. The proportion of each agent class in the respective adherence categories can be found in Tables  S2-S4 of Supplemental material, http://links.lww.com/ QAD/A966. The effect of HAART adherence on HIV transmission risks was parameterized on the basis of data from existing studies (Table S5 in Supplemental material, http://links.lww.com/QAD/A966).
The estimated duration of AHI has been studied previously [11, 12, 18, 34] . Although there is no consensus and actual AHI duration among patients is believed to vary greatly, we assumed a 3-month duration of AHI for the main analysis, as posited by Hollingsworth et al. [18] . Estimates for the per-act probability of transmission across each stage of HIV disease and resulting from a given type of exposure (i.e. needle-sharing and sexual contact) have varied greatly throughout prior research [19, 20, [35] [36] [37] . In addition, estimates for the relative transmission probability of those with acute versus chronic HIV infection have likewise been inconsistent [9, 18, 20, 23] .
Although recent estimates for the relative infectiousness of AHI have decreased by about an order of magnitude from those published earlier [8, 20] , no definitive estimate has emerged. For this model, per-act transmission probabilities were first approximated using empirical and meta-analytic data [35, 38, 39] , and subsequently calibrated to fit model output (HIV transmission in Supplemental material, http://links.lww.com/QAD/ A966). Specifically, the relative infectiousness of acute versus chronic HIV infection was assumed to be 10-fold. This estimate lies approximately at the center of selected published estimates [8, 18, 20] . We conducted a series of sensitivity analyses to account for uncertainty in these estimates (see below).
Acute HIV infection-attributable transmission among people who inject drugs
Given that PWID can interact with other agent classes, transmission between PWID and non-PWID agents creates the need for a specific interpretation of AHIattributable events among the PWID population. To this end, our estimate is defined as the proportion of HIV transmissions arising from acutely infected PWID, out of all HIV transmissions arising from PWID. The results presented for the main analysis correspond to the mean output values over 500 Monte Carlo runs of the full model (and are presented alongside the 10th and 90th percentile values from these simulations).
Sensitivity analyses
Sensitivity analyses were performed on factors suspected to strongly influence the main estimate for the proportion infections attributable to AHI. Namely, we conducted three series of sensitivity analyses, varying the duration of AHI (1 month, 4 months, and 6 months, respectively); the rate of initiation of HAART (50% reduction and 200% increase compared with the main analysis); and the relative infectiousness of AHI as compared with chronic infection (3-fold, 5-fold, and 20-fold, respectively). Results from the sensitivity analyses represent the mean estimated values over 10 Monte Carlo runs.
Results
The ABM simulated a 16-year period of a mature HIV epidemic among PWID. The ABM was calibrated to match the characteristics of the mature HIV epidemic among PWID in NYC and reproducing the epidemic trajectory in NYC from 1996 to 2012. During this time, we observed a decrease in the proportion of the population identified as PWID from 1.9 to 1.2% (Fig. 1) ; we also observed a substantial decrease in HIV prevalence among PWID, from 43 to 10% (Fig. 2, panel  a) . HIV incidence among PWID decreased substantially over the course of the study period, from approximately 1.7 per 100 person-years in the beginning of 1996 to approximately 0.7 per 100 person-years at the end of 2011 ( Fig. 2, panel b ). As shown in Fig. 3 , HAARTenrollment among PWID began in 1996 and steadily increased to approximately 52% by the end of the study period. Over the 16-year study period, HIV transmission via needlesharing comprised about 69% of total HIV transmission arising from PWID, with the other 31% transmitted via sexual risk behavior. AIDS prevalence among PWID decreased from about 13% at the beginning of the simulation to 7% at the end of 2011. The estimated mean annual mortality rate for PWID over the 16-year study period was 3.3 per 100 person-years, a figure influenced heavily by AIDS-related mortality early in the study period. As HAART coverage increased and the prevalence of AIDS and its associated mortality decreased, overall mortality among PWID decreased to approximately 2.4 per 100 person-years at the end of the study period.
The contribution of AHI-attributable infections to total incident HIV infections arising from PWID over the lifetime of the model simulation is shown in Fig. 4 . Over the entire 16-year period, the cumulative transmission attributable to AHI accounted for 4.9% (10th/90th percentile: 0.1-12.3%) of overall transmission from PWID. This result was not static, however, over the course of the 16-year period. Our estimates indicate the contribution of acute infection to overall transmission of HIV nearly doubled from 1996 to 2012, with estimates of 3.6% in 1996 and 5.9% at the end of 2011.
We conducted sensitivity analyses to examine the role of key model assumptions on the contribution of AHI transmission among PWID. These results, all cumulative over the 16-year period, are presented alongside the estimate for the main analysis in Fig. 5 . When we reduced the assumed duration of AHI to 1 month, transmission attributable to this stage accounted for 1.6% of total incidence from PWID, whereas when the duration was increased to 4 and 6 months, this estimate was elevated to 6.4 and 8.2%, respectively. The main estimate did not change significantly (from 4.9 to 4.2 and 4.6%, respectively) when the coverage of HAART among HIV-positive PWID was assumed to reach either 37 or 69% by 2011. When we adjusted the relative infectiousness of AHI to chronic infection (from 10 : 1 to ratios of 3 : 1, 5 : 1, and 20 : 1), AHI transmission accounted for 1.6, 1.9, and 7.9% of all HIV transmissions from PWID, respectively.
Discussion
Using an ABM approach, we estimated the proportion of all HIV transmission events arising from AHI among PWID in a mature epidemic. During a 20-year simulated time period, less than 10% of all HIV transmission occurred while the index agent was acutely infected. Nonetheless, our results were sensitive to assumptions regarding the duration and relative infectiousness of AHI, demonstrating that additional empirical research is needed to investigate AHI dynamics among PWID.
The current study demonstrates that, although a substantial amount of overall HIV transmission may occur during the highly infectiousness period in the months following infection, our estimate is lower than many of those previously estimated for other high-risk populations, such as MSM [40, 41] , and heterosexual couples in generalized epidemic settings [9, 22] . There are many reasons why the AHI-attributable proportion may differ across high-risk populations. The most important of these reasons may be the relative maturity of the epidemics themselves [8, 42] , which we could not examine here because we analyzed only a single mature epidemic. Other reasons include distinct network characteristics and dynamics (e.g. distribution and prevalence of concurrent relationships, total number of partners, and rate of partner turnover), which have been shown to influence the transmission and spread of HIV infection among at-risk persons [43, 44] and thus may determine, in part, the contribution of AHI. For instance, the theory that chronically infected individuals may act as network 'firewalls', buffering acutely infected individuals from the rest of the population, has been previously demonstrated [44, 45] . Further study is needed to determine whether this 'firewall' principle limited the contribution of AHI infection in the model. Differences in the biological susceptibility of specific transmission modes, behavioral adaptation (e.g. serosorting), and the coverage of HIV prevention modalities may also influence the magnitude of AHI transmission. Future modeling research should investigate the fundamental epidemiological, behavioral, and contextual differences between high-risk populations that likely elevate or diminish the role of AHI transmission.
In light of previous studies examining the contribution of AHI transmission in other populations, the results presented here are further indication that its contribution Fig. 1 . Percentage of the model population based on New York City that has injected drugs in the previous 12 months. PWID, people who inject drugs. Note: Empirical estimates obtained from Brady et al. [52] .
to overall incidence will vary depending on specific population and epidemic characteristics. Moreover, it is likely that the AHI-attributable fraction is highest in early-stage epidemics [46] and decreases as epidemics mature. Our analysis did not include the expansion stage of the HIV epidemic in NYC; however, we expect that had our study period included this epidemic phase, the AHI-attributable fraction would have been greater. We observed an increasing contribution of AHI as the study period advanced, possibly due to a decreasing prevalence of chronic HIV infection among PWID over time, and increasing HAART coverage, which resulted in decreased transmission from agents in chronic infection. It should be noted that the relationship between HAART coverage and the contribution of acute infection is likely not monotonic, as decreased overall incidence through viral suppression also decreases the ratio of acute HIV cases to chronic. Although the influence of epidemic phase on the dynamics and force of infection has been demonstrated in the sexually transmitted infection literature [47] , the possibility of recovery and reinfection for other infections makes the comparison with HIV difficult. Future research will seek to investigate and isolate the effect of epidemic phase and treatment coverage on AHI transmission dynamics among PWID.
The consequences of substantial acute-stage transmission of HIV on TasP have been debated considerably [8, 9, 11, 20, 23] . One recent analysis suggests that previous estimates of the relative infectiousness of AHI (compared with chronic infection) have been overstated [20] .
Another study recently demonstrated that such earlystage transmission does not have a long-term impact on the influence of HAART coverage on HIV incidence [8] , although this has been contested [46] . It should be noted that differences, in particular differences in epidemic phase (and study periods), suggest that direct comparison of our results with those published earlier may be difficult.
Virtually, all research examining the contribution of AHI has been applied solely within the context of sexual transmission. Thus, although our study represents the first comprehensive investigation of the role of AHI transmission among PWID populations, the lack of empirical AHI transmission data specifically among PWID makes these results challenging to confirm [6] . Nonetheless, it should be noted that many of the published concerns regarding AHI transmission apply directly to PWID populations, as many of the same barriers are present, such as difficulty identifying acutely infected individuals. Collectively, previous findings and ours suggest that transmission attributable to AHI is unlikely to substantially hamper the effectiveness of TasP-based interventions and other programs in mature epidemics. However, given that our results were sensitive to assumptions regarding the infectiousness and duration of AHI, efforts should be made to increase HIV testing frequency and linkage to care among PWID populations. For example, one study found that screening PWID enrolled in opioid agonist therapy every 3-6 months (to identify early HIV infection) is cost-effective [48] . Additional strategies, including network-based interventions [46, 49, 50] , are needed to identify PWID with AHI and link these individuals to treatment and care.
The current study has a number of important limitations. The starkest limitation is the need to extrapolate several model parameters for PWID based largely on data from sexual modes of transmission; the per-act infectiousness of needle-sharing transmission (particularly when stratified by disease stage) is based on best available data. Also, the model does not account for heterogeneity in the viral load/infectiousness of those at the same disease stage, which has been shown elsewhere to vary significantly between individuals [51] . In addition, there are some network parameter data that likely influence the main results, yet are not readily available, such as the rates of forming and dissolving sexual/needle-sharing partnerships. Although our model permits PWID to engage in different combinations of sexual and injection risk with other agents, the model does not account for difference in partner type (i.e. primary or secondary), which may affect the distribution of risk behavior within the population. Moreover, our assumption that PWID retain their sexual and injection partners for a minimum of 1 month may not reflect true behavior in the population. Finally, model assumptions regarding the initiation of noninjection drug use and injection drug use were based on the influence of sexual partners alone and did not reflect the potential for nonsexual partners to influence the initiation of drug use. This assumption reflected the structure of the network itself, with only sexual and drug-sharing relationships represented, and subsequently our model likely does not capture the influence of nonsexual relationships on the initiation of drug use in the population.
Critically, this study assessed the role of AHI transmission assuming the consistent application of prevention modalities and risk behavior, and therefore is not equipped to examine the role that any particular intervention, policy change, or structural modifications may have on this role, leaving the possibility that it may differ in settings with substantially different access to these interventions or different risk environments. Given the effect that such interventions, that is, increased HAART coverage, have had on estimates of HIV incidence among PWID in previous adaptions of the ABM [28] , substantial differences in AHI-attributable transmission is possible. Similarly, as our setting represented a mature epidemic, with decreasing prevalence and stable incidence, these results may not necessarily be easily applied to settings experiencing expanding epidemics. Finally, the ABM does not account for some assortative mixing (e.g. by age and race), and as it does not factor in the age of PWID agents, we were not able to observe age-related morbidities among older PWID, such as liver disease or chronic hepatitis C infection.
Conclusion
We found that, although the contribution of acute infection may not substantially drive mature epidemics such as that investigated here, AHI may still be responsible for approximately one in 20 incident cases among PWID even in mature epidemics, indicating the need for development of new ways to detect those with early infection and elimination of structural barriers to early detection and treatment of PWID at high risk for HIV infection.
